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Puri t ies  of hydrogen and oxygen delivered t o  the A20110 fue l  c e l l  are 
Means of effecting purifica- a potent ia l  s o x c e  of var iab i l i ty  i n  perfotmance. 

t ion  in-f l ight  were evaluated. 
i t y .  
&ich a re  judged t o  be feasible  are removal of carbon dioxide and carbon monox- 
ide from oxygen; and separit.inn of hydmgen frc=: LTwities ?qj diffksisn 
through metallic membranes- 
with ine r t  i m p r i t i e s  ir\_ oxygen. 

Several techniques were screened for  sui tabi l -  
Purifications Those which appeared t o  be workable were fur ther  studied. 

fln t ~ ~ h ~ ~ q i ~ e  :.",E f<?i~?s b e  c q & l e  sf d e d i 2 6  

The basic uni t s  required for  removing (202, CO, and methane from om- 
gen are a lithium hydroxide absorber for C02, a humidifier, and a catalyt ic  
burner. 
Of CIi, t o  C% and H20. Carbon dioxide i n  very dry a i r  or oxygen i s  not effec- 
t ive ly  absorbed by lithium hydroxide, and a humidifier i s  thus required. 
three uni ts  would be placed i n  l ine,  i n  the order: burner, humidifier and ab- 
sorber. For the Apollo nission the combined weights of these uni ts  and acces- 
sory equipment would be about 45 lb. Parasi t ic  power consumption is estimated 
t o  be 10 KWH, or 1.7 per cent of design power output. If absorption of '202 i s  
the  only desired purification, the package would weigh about 1 7  1b. and t o t a l  
Paras i t ic  power consumption tmuld be about 5.4 KWH. A t h i rd  possible package 
contains a burner designed t o  oxidize only carbon monoxide; the weight and 
Power requirements of t h i s  package axe estimated t o  be 30 lb .  and 6 

The function of the catalyt ic  burner i s  combustion of CO t o  C02 and 

The 

Purification of  99.5 per cent hydrogen by diffusion through metallic 

The delivered power i s  substantially 
membranes resul ts ,  according t o  our analysis, i n  a delivered power of 576 KWH 
ra ther  than the mission goal of 600 K". 
higher than tha t  possible with a purge schedule revised for 99.5 per cent hydro- 
gen. 
Purity problem. The advantages of purification are  minimized further by 105 lb .  
of added weight, and by added operational complexity. For missions where design 
freedom exists, one concludes tha t  impurities i n  hydrogen can be bc t te r  hand- 
led by increasing the  i n i t i a l  quantity of hydrogen and by revising purge sched- 
ules .  

'Ihe purification technique thus offers  a p a r t i a l  solution to a possible 

Data specif ical ly  relevant t o  operating conditions inherent i n  the 
APOllO mission were not usually available, &id developmental studies of worth- 
while purification packages w i l l  be required. 
poTJer required for  development a re  included i n  the report. 

Estimates of the time and man- 

- 1 -  



I. INTRODUCTION 1 
I 

The hydrogen-oxygen fuel c e l l  i s  presently an essent ia l  par t  of the 
e l e c t r i c a l  power system i n  space vehicles having missions of longer duration 
than one or two days. Fuel c e l l s  f o r  use i n  space missions must be very re-  
l i a b l e  and steady performers, and should be able t o  obtain a maximum of power 
per unit weight of fue l .  Power efficiency can be affected by the quality or  
pur i ty  of the €uels. Power efficiency can be reduced e i ther  by t h e  necessity 
tc; .*--.- P.. -1 

to ?irldesired chemical or physicdl phenomena traceable t o  impurities. 

--.- 
v ~ l ~ ~  A W L  aiung wi-tn useless or i ne r t  impurities, or by c e l l  malfunction due 

I 
It i s  self-evident t ha t  pur i ty  i s  at a premium i n  space missions, and 

I n  the  current space program every ef-  

I 

I 
t h a t  rigorous control of pur i ty  w i l l  be necessary froan manufacturing through 
storage t o  actual  use in the fue l  c e l l .  
f o r t  i s  being made t o  insure adequate control of puri ty .  
taken i n  an e f fo r t  t o  supplement t he  normal techniques required t o  maintain 
puri ty ,  and i n  pa r t  t o  assess the f e a s i b i l i t y  and des i r ab i l i t y  of removing im- 
p u r i t i e s  during rather  than before a mission i n  space. 
program has the objective of evaluating possible techniques of effecting various 
purif icat ions between f u e l  storage systems and f u e l  c e l l s .  The program is p r i -  
marily concerned with the  Apollomission. 
t o  cer ta in  r e s t r i c t ions  tha t  may not be applicable t o  future,  less completely 
designed missions. 
sions specif ical ly  requiring hydrogen-oxygen fuel cells. 

I 

This program was under- 
I 

I n  b r i e f ,  the  current 

I 

Studies therefore have been subject 

Generally, however, the r e s u l t s  a re  applicable t o  all mis- 

I 

I 

The scope of t h e  program i s  as follows. 
puri ty  of 99.5 per cent and oxygen with a minimum puri ty  of 99.6 per cent were 
assumed t o  be available as fue l s  for  t he  Apollo fuel c e l l .  Various impurities 
xere specified i n  each fuel ;  these consisted chief ly  of carbon monoxide, car- 
bon dioxide, methane and i n e r t  gases i n  oxygen, and of inert gases including 
methane i n  hydrogen. The program consisted of paper evaluation of the  feasi- 
b i l i t y  of various methods for r a o v i n g  any or all of tbe  impurities. Included 
i n  t he  evaluation a re  suggested designs, with appropriate design and operating 
parameters, estimates of t h e  expense and time required f o r  f ina l iza t ion  of 
feas ib le  systems, and estimates of f e a s i b i l i t y  i n  terms of uncertaint ies  i n  de- 
sign or  operating character is t ics .  Suggested devices must operate without d i s -  
turbance of t he  fie1 c e l l  proper, with the  exception t h a t  e l e c t r i c a l  power i s  
available as needed. 

Hydrogen with a minimum 

- 2 -  
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II. DISCUSSION 

11-A. General Considerations 

XI-A-1. Puri t ies :  Specified pu r i t i e s  f o r  oxygen are  listed i n  
Table I a s  per MSE-SPEC-399. 
with impurities as specified for Grade B breathing oxygen. 
device(s) should strive for a delivered pur i ty  of 99.995 per cent a s  per Grade 
A fuel c e l l  oxygen. 
and i q u r l  ties es cleli~erec? tc the P.i& t e l l  i d e a l l y  nu mre Vnan 50 ppm. 

%e minimum supply pur i ty  i s  99.60 per cent, 
The purification 

The s q p l y  i q i r i t f e s  can tinus be as high a s  4,000 ppm, 

TABLE I 

Requirement 

Pur i ty  

Methane and ethane 

Propane and higher 
hydrocarbons 

A l k y n e  and acetylene 
hydrocarbons 

Total  hydrocarbons 

Moisture 

N i t  rous oxide 

Halogenated hydrocarbons 

Odor 

CO and CO2 

OXYGEN I3EQUI-S 

Grade A 
for Fuel Cells 

99.995 

Methane 10 ppm; 
Ethane 2.0 ppm 

1 ppm a s  propane 

0.05 ppm as acetylene 

14 .O ppm as methane 

3.0 ppm 

1.0 PPm 

1.0 ppm 

No odor 

1.0 ppm t o t a l  

Grade B 
f o r  B r e a t h i q  

99.60 

Methane 25.0 ppm; 
Ethane 2.0 ppm 

1.0 ppm as propane 

0.05 ppm as acetylene 

29.0 pprn a s  methane 

3.0 pprn 

1.0 Ppm 

1.0 Ppm 

No odor 

5.0 ppm carbon monoxide; 
5.0 pprn carbon dioxide 

Notes: 1. For Grade A oxygen - a l l  other impurities including i n e r t  gases 

For Grade 33 oxygen - other impurities, 3,956 ppm by difference.  
and nitrogen, 30 ppm. 

2. 
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The impurities t o  be removed, as obtained by difference from values 
giveii i n  Table I, are  methane, carbon monoxide , carbon dioxide, and i n e r t  
gases. The W u n t s  of each t o  be removed are l i s t e d  i n  Table 11. 

DESIRED PURIFICATION OF OXYGEN, IN PPM 

Supply Delivered 
Oxygen Wgen  n-a uiLference 

(334 25 10 15 
co ~ 

co2 5 5 1  1 combined 9 conibined 

I n e r t s  3,356 30 3,926 

O f  these impurit ies,  carbon monoxide and carbon dioxide are  of grea tes t  con- 
cern. 
insoluble carbonates. Carbon maoxide i s  expected t o  oxidize t o  carbon diox- 
ide a t  o r  near the electrode surfaces, and thus should be as objectionable as 
carbon dioxide. Methane i s  nominally an ine r t ,  though it i s  subject t o  cata- 
l y t i c  oxidation a t  temperatures not much higher than the c e l l  operating temper- 
a ture  of 450'3'. The inert gases and methane are  undesirable i n  t h a t  they must 
be vented, along w i t h  some oxygen, i n  order t o  maintain the p a r t i a l  pressure 
of  oxygen a t  the  electrodes a t  an acceptable value. 

Carbon dioxide causes c e l l  fouling and malfunction through formation of 

The permissible impurities i n  fuel c e l l  grade hydrogen are shown i n  
Table 111. 
impurity t o  be eliminated has not been specified; they consist  of water and 
ine r t s ,  including metharie. 

The impurities t o  be removed t o t a l  4,950 ppm. The quantity of each 

PERMISSIBLE IMPURI!ITES IN HYDEiOGEN - 
Total gaseous impuritFes 

Selected impurities, including nitrogen, 

50 ppm by volume 

water and methane 

Specific impuri t F e s : 
Oxygen plus argon, maximum 
H e l i u m ,  maximum 

Carbon bearing gases (CC and CO,) 

9.0 ppm by volume 

1.0 ppm by Trolume 

39 .O ppm by volme 

1.0 ppm by volume 

- 4 -  



11-A-2. Other constraints: Additional constraints involve operat- 
i ng  parameters of the fuel ce l l ,  f ie1 storage systems, and environmental con- 
d i t ions  within the control module. 
importance (for the ApollO mission) is  that  the f u e l  c e l l  proper together with 
its accessories cannot be modified (i.e., the heat exchanger of the fue l  c e l l  
cannot be tapped into,  and hydrogen or oxygen cannot be passed through the fue l  
c e l l  preheaters before introduction to purif iers)  . 
e i the r  a s  specified i n  the contract o r  as obtained later f r o m  the sponsor, are 
l i s t e d  i n  Table IV. 
at ing parameters of the fuel cel l ,  fuel storage system, and related vehicular 
par t s .  A minority of these a re  l imiting for our purposes, and these are pre- 
sented i n  Table IV. 

One specific constraint  of considerable 

Other operating constraints,  

A complete list of constraints might include a l l  the oper- 

OPERATIONAL CONSTRAINTS 

Storage temperature, OF 

Pressure delivered t o  pressure regulator, 
psia 

Minimum acceptable p r  ssure delivered t o  
pressure regulator- a7  

Flow rates ,  lb/hr 

Minimum 

Maximum 

Average 

Lb/KWH 

Lb vented/KWH a t  99.99 per cent purity 

Maximum temperature of i n l e t  pressure 
regulator, "F 

Oxygen 

-300 to +150 

150-1020 

100 

1.2 

3.33 

1.32 

0.685 

0.00346 

180 

Hydrogen 

-425 to +150 

100-295 

100 

0.15 

0.432 

0.162 

0.0856 

0.00432 

180 

- a/ Certain purif icat ion devices might require in- l ine reduction of pressure. 
A value of 100 psia  was selected as  a permissible lower l i m i t .  
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Otner data of d i rec t  or ind i rec t  significance a re  summarized below: 

f ie1 ce l l  operating temperature 450'F 

Fuel c e l l  operating pressure 

Mission duration 14 days/336 hr .  

me1 consumption 

50 psia  

411 lb. 
51.5 lb .  

Oxygen supply 640 lb., including breathing O2 

Hydrogen supply 

Fuel c e l l  power 

Overload 
Peak 
Average 
Minimum 

56 lb. 

6.885 kw 
4.26 kw 
1.77 kw 
1.69 kw 

Total power output 600 Ktlfl: 

Available e l e c t r i c a l  power 

Environmental temperature 3Oo t o  160°F 

29 v. DC or  ~5 v. , 38 400 CPS 

a.  Added weight must be minimized. A perntissible weight mst, 
however, be determined i n  term ~f the effectiveness of a device, and the 
urgency of the  need fo r  the device. 

b. VO~UIIE (occupied space) should also be minimized. 

c .  Purif icat ion devices must operate automatically, w i t h  
perhaps an occasional manual a s s i s t .  

d. Performance r e l i a b i l i t y  should be absolute. 

e .  Purif icat ion devices must not upset the systems of checks 
and balances extant i n  the power package. 
heat energy i n  quantity suf f ic ien t  t o  overload the  heat re ject ion capacity Of 

the fuel  c e l l  heat exchange system. 

They cannot, for example, Supply 

- 6 -  



f .  Power consumption should be min-sum. An acceptable leve l  
of power consumption is  a function of need. 
pa ras i t i c  power expenditure w i l l  r e su l t  i n  t o t a l  power outputs equal t o  o r  
greater  than t h a t  possible without f u e l  purif icat ion.  

In addition, it i s  possible t h a t  

g. I n  addition to  a conservative use of p o w e r ,  pur i f icat ion 
procedures must not be wasteful of fuel .  

11-A-4. Proposed purif icat ion rnethods: 

a .  Oxygen: Impurities i n  oxygen are  of two types. Carbon 
monoxide and carbon dioxide are polar o r  reactive molecules susceptible t o  
chemical change and to  adsorption o r  absorption. 
either as  an i n e r t  or as  an impurity susceptible t o  oxidation. Remaining in- 
pu r i t i e s  a re  nonpolar and chemically iner t ,  and separative techniques must be 
purely physical i n  nature (adsorption, diffusion, e t c  . ) unless one chemically 
condenses and regenerates oxygen. Methods considered for  oxygen pur i f ica t ion  
a re  as  follows: 

Methane may be c l a s s i f i ed  

Absorption of carbon dioxide by conversion t o  carbonates. 

Adsorption of carbon dioxide, e.g., on molecular sieves. 

Catalytic combustion of carbon monoxide t o  carbon dioxide 
followed by adsorption or  absorption. 

Catalytic combustion of methane followed by removal of carbon 
dioxide 

Adsorption of i ne r t  gases, including methane. 

Chemical r e m a l  of oxygen followed by regeneration a s  
molecular oxygen. 

b. Hydrogen: The ispurities under consideration a re  water, 
Ethane,  and i n e r t  gases. 
since methane chemically i s  a nonpolar molecule subject only t o  oxidation, o r  
t o  pyrolytic decomposition a t  unacceptably high temperatures. Water i s  polar 
and reactive,  and thus could be removed by adsorption o r  reaction. Since the 
hydrogen streambecomes r i ch  i n  water i n  the f u e l  c e l l  system, w e  have not 
ser iously considered i t s  remval .  

Methane i n  hydrogen must be c l a s s i f i ed  a s  an ine r t ,  

The methane and i n e r t  gases const i tute  a problem from the 
standpoint of p o w e r  efficiency, and a device capable of removing them could 
r e s u l t  i n  increased power efficiency. Approaches considered f o r  r e m v a l  of 
these impurities are  a s  follows. 

- 7 -  



Diffusion through semi-pelmeable membranes reportedly yields 
hydrcgen very high i n  purity. 
impurities as frozen solids.  
a tures  below the c r i t i c a l  point should remove all but t races  of impurities. 
Selective adsorption on adsorbents such as s i l i c a  g e l  i s  an effect ive means 
of purifying hydrogen. 
c a l  e a n s  of separating hydrogen from impurities. 

Fi l t ra t ion of l iquid hydrogen should separate 
Dis t i l l a t ion  ( selective condensation) a t  temper- 

I 
I 

I 

Metal hydride formation and decomposition is  a chemi- 

IS-B. Preliminary Evaluations 
I 

The techniques l i s t e d  i n  11-A-4 were rough-analyzed t o  assess feasi-  
b i l i t y  i n  terms of various constraints. I 

f e w  from fur ther  serious consideration. I 

This analysis eliminated a l l  but a 

11-B-1. Adsorptive techniques : Adsorption differs from absorption 

Hhile both processes involve 
i n  tha t  the former i s  chiefly physical i n  nature, while absorption involves 
definite compound formation with the absorbate. 
equi l ibr ia ,  absorption processes usually have equilibrium values permissive of 
more complete removal of substances than do adsorption processes. 

I 

~ 

Adsorption is  most effective f o r  polar molecules. Water would, 
therefore, be the most effectively adsorbed of a l l  the  impurities i n  hydrogen 
o r  oxygen. 
monoxide less effect ively than carbon dioxide. Water may, i n  fac t ,  be very 
e f fec t ive ly  adsorbed a t  ambient temperatures. 
high capacit ies fo r  water, and the capacit ies are suff ic ient  a t  low p a r t i a l  
pressures of water tha t  removal of trace quant i t ies  of water can be accomplished 
wi th  reasonable quantit ies of molecular sieve. I n  Linde Form 9690-C, Data Sheet 
No.  SA-3, dew points of -1GO t o  -120°F are indicated t o  be obtainable with 
loadings of 3 - 4 per cent by weight of water. These d e w  points are equivalent 
t o  about 1 ppm i n  a i r  a t  1 atmosphere. 
concentration would be about 1/50 ppm. 
t r a r i l y  assumed value), the t o t a l  oxygen fed t o  the Apollo fuel  c e l l  would con- 
t a i n  about 0.025 lb.  of water. Approximately 1 lb.  of SA Molecular Sieve would 
be theoret ical ly  suff ic ient  t o  reduce the water content f o r  the en t i r e  mission 
t o  substant ia l ly  less than 1 pprn, with adsorption occurring a t  temperat-ares 
listed as  anibient i n  the Apollo mdule. 
data i n  a device fo r  removing water.  
t o  point out t ha t  a water removal device could be quickly and simply designed, 
i f  the need i s  r ea l .  

Carbon dioxide i s  less effect ively adsorbed than water, and carbon 

The Unde molecular sieves have 

I n  oxygen a t  50 atmospheres, the water 
A t  100 ppm water by volume (an arbi- 

W e  have not fur ther  refined these 
A t  t h i s  point, we believe it suf f ic ien t  

The available data for  carbon dioxide adsorption do not contain 
information a t  low pressures of carbon dioxide. 
pressure of about 0.05 mm. C02 i n  oxygen a t  50 atmospheres would be required. 

For our purposes, a p a r t i a l  

I 
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Extrapolation of available data (Linde F b r m  9691-E, D a b  Sheet No. 24) t o  lm 
pressures indicates t ha t  C02 might adsorb on 5A Molecular Sieve as desired. 
This uncertainty, together with the f ac t s  t h a t  (I) water will drive off ad- 
sorbed C02, and (2) t h a t  absorption of C02 on l i thium hydroxide has been amply 
demonstrated, has led us  t o  the conclusion that adsorption of C02 should not 
be ser iously considered. 

Fbr i n e r t  impurities i n  oxygen, adsorption i s  almost the only appli- 
cable technicpe, and adsorptioii is a l so  applicable i n  theory t o  i n e r t s  i n  hy- 
drogen. 
Conditions where i ~ e r t s  &mr% very pooriy, and t h a t  a system of recycle 
streams is  required i f  the major constituent (02 or H2) is t o  be recovered 
without waste. A t  essent ia l ly  cryogenic temperatures i n e r t  impurities can be 
very effect ively removed i n  earth-bound plants  in which weight and complexity 
areofminor importance, and yield i s  considerably less important than effec- 
tiveness. 

Two serint.s (?r~ybazks zxia i,, namiy, tha t  we are limited t o  anibient 

For example, pure methane a t  200 nm. pressure absorbs t o  the  extent 
Of 0.0001 per cent by w e i g h t  on 4A Molecular Sieve a t  77OF (Linde Form 96924, 
Data Sheet No. 71). The adsorption of methane is thus not possible a t  ambient 
conditions. 
gel ,  synthetic zeolites and charcoal, as  indicated by data reported by Hiza and 
Kidnay..?/ A t  about 0.1 mm. and -310°F, methane adsorbs on these substrates  t o  
the extent  of 3 - €3 per cent.  
t ion  charac te r i s t ics  of nitrogen and methane i n  hydrogen have also been obtained 
by Hiza and K i d n a y d  Briefly,  the data reveal an effect ive adsorption a t  l o w  
temperatures of nitrogen and methane i n  hydrogen. 
W i t h  e levation of temperature, however. 

A t  l o w  temperatures, rnethane adsorbs very e f fec t ive ly  on s i l i c a  

Data per t inent  t o  the l o w  temperature adsorp- 

This capacity disappears 

One concludes, therefore, t h a t  adsorptive techniques are sui table  
for  water and possibly f o r  carbon dioxide, but are completely unsuitable for 
i n e r t  (nonpolar, nonreactive) contaminants. 

11-€3-2. Absorption of carbon dioxide: Absorption of carbon dioxide 
by l i th ium hydroxide was selected as the preferred method of removing t h i s  ink 
pur i ty  from oxygen. Lithium hydroxide i s  available i n  a form sui tab e fo r  cm- 
n i s t e r  use, and i t s  effectiveness and r e l i a b i l i t y  have been proven.& Since 
carbon dioxide i s  a very objectionable impurity, it is  e s sen t i a l  that an absor- 
bent be theoret ical ly  and prac t ica l ly  able t o  reduce C02 t o  a very low level .  
O f  equal importance i n  the absorbing system i s  freedom of in te r fe r ing  o r  com- 
pe t i t i ve  reactions.  The l i thium hydroxide method i s  both absolute and devoid 
of coxpetit ive reactions.  

- 9 -  



11-B-3. Catalytic oxidation of carbon monoxide: The ca t a ly t i c  oxi- 
dation of carbon monoxide can be effected Over a wide var ie ty  of  c a t a l y s t s , g /  
ch ie f ly  oxides of t r ans i t i on  metals. 
ment, though burners now i n  use employ somewhat elevated temperatures t o  insure 
conibustion of hydrocarbons, excluding methane .g/ The operational un i t s  employ 
Hopcalite, a c o m r c i a l l y  available mixture of copper and manganese oxides. 
We have selected Hopcalite mer other possible ca ta lys t s  on the bas i s  of i t s  
ava i l ab i l i t y  and an extensive successful operating his tory.  
dat ion of carbon mnoxide appears t o  be quite feasible,  and detai led analyses 
have therefore been conducted. 

Elevated temperatures are not a require- 

The catalytic oxi- 

11-B-4. Catalytic oxidation of methane: Methane i s  considerably 
more d i f f i c u l t  to  oxidize than are other hydrocarbons. 

CHq + 2 02 V Cor, + 2 H 2 0  

There is  no question, however, t ha t  complete methane oxidation can be effected 
if  su f f i c i en t ly  high temperatures are employed. Since methane can be t rea ted  
i n  the basic  package used fo r  oxidation of carbon monoxide, we have conducted 
detai led analyses which a re  presented i n  a l a t e r  section of the  report .  

11-B-5. Chemical sequestering of oxygen: Certain of the highly 
electroposi t ive metals react  w i t h  molecular oxygen t o  form superoxides,=/ 
e.g., Na02, which dissociate  under the influence of heat t o  oxygen, plus metal 
oxide or peroxide. The only superoxides su f f i c i en t ly  defined f o r  our purposes 
a re  those of sodium and the heavier a l k a l i  metals. This chemistry could serve 
as a bas i s  for  purif icat ion,  although a d i s t i n c t  disadvantage l ies  i n  the f a c t  
t h a t  the  major coqonent must be processed. 
the following equation: 

Process chemistry i s  depicted by 

The forward reaction (F) would require either a high temperature or  a low 
pressure (or  both), r e l a t ive  t o  the temperature and pressure of the reverse 
( R )  reaction. The i n e r t  gases would, according t o  t h i s  scheme, be swept out 
p r io r  t o  decomposing the superoxide. Carbon dioxide should form carbonates; 
whether o r  not carbon dioxide removal would be permanent depends on the s t a -  
b i l i t y  of the carbonate under conditions required for  the forward (F) reaction. 
Carbon monoxide and methane a r e  theore t ica l ly  oxidizable t o  C02 i n  this system; 
we do not know whether they, i n  fact ,  would be. 
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Data necessary fo r  a complete evaluation of t h i s  technique are  not 
available.  The available data are, however, suf f ic ien t  t o  j u s t i f y  the conclu- 
s ion  tha t  detai led studies need not be made. 
t h a t  a temperature of about 750'F i s  required f o r  conversion of sodium perox- 
ide (Na202) t o  sodium superoxide. 
were employed i n  reactions with gram quant i t ies ,  which required up t o  100 h r .  
f o r  completion. 
fur ther  consideration. 

Stephanou e t  al.:/ have shown 

Oxygen pressures greater  than 200 atmospheres 

'Ibese f a c t s  alone suf f ice  t o  eliminate sodium oxides f r o m  

Potassium superqxide i s  too stable  f o r  our purposes, as  it can be 
melted a t  about 75O0F.=/ 
a f e w  millimters of Hg a t  600'F, and less than 1 atmaspiere a t  a40°F.8/ D i s -  
sociat ion pressures of a t  l e a s t  100 psia  would be required i n  a purifying unit, 
and t h i s  surely means temperatures i n  excess of 1000°F. 
and other s i tuat ions,  f e l t  t h a t  gas compressors should be employed, since a 
compressor adds complexity, reduces r e l i a b i l i t y ,  and requires a substant ia l  
out lay of energy o r  power. 
from 0.1 atmosphere t o  10 atmspheres w o u l d  require a t o t a l  expenditure of more 
than 20 per cent of the e l ec t r i ca l  power generable by the Apollo f u e l  c e l l  
power plant .  

Dissociation pressures of KO9 are  of the order of 

We have not, i n  t h i s  

I n  t h i s  par t icu lar  instance, compression of oxygen 

Regenerable oxygen recovery systems ere  the objective of current 
research relevant t o  space missions. In these s tud ies  the objective has been 
recovery of oxygen frombreathing a i r ,  and the systems necessarily are  capable 
of regenerating oxygen. The CoO-Co3O4-O2 system has been investigated by the 
Dynatech Corporation.?/ Gxygen converts COO t o  Cog04, and reduction of pres- 
sure combined with s l i g h t  temperature elevation results i n  re lease of oxygen. 
The COO-% reaction was carried out  a t  17m0F, and regeneration of oxygen was 
effected a t  1800°F under reduced pressure. 
much too high f o r  our purposes, as energy consumed i n  heating oxygen would be 
prohibi t ively high. 

These temperature requiremnts  are 

I n  summary, we conclude t h a t  chemical sequestering of oxygen i s  not 
a sui table  method for  purifying fuel  c e l l  oxygen. 

11-B-6. Purif icat ion of hydrogen by diffusion through Illetallic mem- 
branes survived preliminary evaluations, and w a s  considered i n  further de ta i l .  
Information obtained from the l i t e r a t u r e  and from manufacturers of these puri-  
fiers indicated excellent purif icat ion a t  a nominal expense of energy and 
probably withoat undue loss of f u e l .  

11-B-7. Fi l t r a t ion  of l iqu id  hydrogen w a s  eliminated as  a purifica- 
t i o n  technique. 
hydrogen would be maintained i n  the l iqu id  s t a t e  throughout the mission. 

Mhen t h i s  suggestion was advanced it had been assumed t h a t  
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Since hydrogen w i l l  be supercr i t ica l  throughout the mission, f i l t r a t i o n  i s  not 
applicable. 
procedure, as l i t e r a t u r e  d a t a /  indicate impurities, with the exception of 
helium, t o  be both so l id  and insoluble a t  l iqu id  hydrogen temperatures. 
of the opinion, however, t h a t  f i l t r a t i o n  would be d i f f i c u l t  t o  engineer. 
thermore, t h i s  technique will not eliminate the storage containers as a prob- 
able  source of impurities. 

Tnis technique might be considered as a par t  of the fuel  lGading 

W e  are 
Rr- 

11-B-8. Dis t i l l a t ion :  Condensation of hydrogen was s t r icken from 
the  l i s t  fol; the  reasons l i s t e d  i n  11-B-2. Again, impurities are  qui te  non- 
volatil&/ a t  l iqu id  hydrogen temperatures, and the technique is  theoret i -  
c a l l y  sound. 
storage tank. 

Its effectiveness would be l imited by the cleanliness of a f i n a l  

11-B-9. Hydride formation: The basic  features  of this  pmposed 
technique a re  shown below. 

Feed % 1__3 Fz2$l + Purif'iedH2 

--> Vent gas r ich  
i n  impurities 

Forward reaction: 
Reverse reaction: 

Low temperature and/or high pressure. 
L o w  pressure and/or high temperature. 

The technique requires an M-mX combination which reverses readi ly  a t  reason- 
able conditions of temperature and pressure. 
and boron-hydrogen (B&) systems would be bes t  from a weight standpoint, but  
nei ther  beryllium or  hydrogen is known t o  react  with hydrogen except possibly 
a t  extremes of temperature and pressure. 
a weight standpoint, but must be ruled out on the bas i s  of high t e q e r a t u r e  
required f o r  the dissociat ive reverse reaction. The dissociat ion pressure of 
l i thium hydride i s  1 atmosphere a t  ca. 1550°F, and less than 1 mu. a t  930°F.E/ 
Sodium hydride dissociates  a t  lower temperatures; the dissociat ion pressure 
of sodium hydride is  1 atmosphere a t  about 800°F.&?/ Dissociation pressures 
a re  1 atmos here a t  804'F f o r  potassium hydrid&/ and a t  831'F f o r  rubidium 

ps ia ,  the fuel c e l l  operating pressure. Dissociation pressures of 50 p i a  for 
the various hydrides are  achieved a t  870'F fo r  NaH, a t  894'F f o r  KH and a t  
950°F for RbH. 

The beryllium-hydrogen (BeH2) 

Lithium (LiH) i s  next i n  l i n e  from 

hydride., 159 A m i n i m  allowable dissociat ion pressure i s  f o r  our purposes SO 
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I n  addition t o  the requirenment of re la t ive ly  high temperatures fo r  
dissociation of the a lka l i  netalhydrides ,  the a lka l i  metals require hydriding 
temperatures ranging from a miximum of about 400"F for  sodium and potassium t o  
about 1OOOOF for  rubidium. 
severe handling and corrosion problems can be expected. 
as a consequence not seriously considered. 

A t  these temperatures the rnetals are  l iquid,  and 
The a lka l i  naetals were 

The uranium-hydrogen-UH3 s y s t e m  offers  no advantage Over a lka l i  = t a l  
systems from a temperature standpoint. 
composition of UH3 i s  a very f inely divided sol id  which reacts  rapidly and com- 
p l e t e ly  with hydrogen even a t  77'F.16,17/ 
50 psia  a t  about WOOF. The heat of formation of UH3 i s  approximately -30 
kcal/mole, which mans tha t  th i s  much energy must be dissipated during the 
formative reaction and supplied during the dissociation reaction. 

However, uranium metal prepared by de- 

The dissociation pressure of UH3 i s  

I n  spite of the fac t  tha t  the temperature requirement appeared t o  
be too high, we elected t o  proceed w i t h  fur ther  evaluations of the uranium- 
hydrogen-uranium hydride system. 
i n  the next section of t h i s  report. 

?he results of th i s  evaluation are  discussed 

111. ENGINEERING EVALUA'ITOMS OF "TAm PROCESSES 

As stated ea r l i e r ,  oxygen of 99.6 per cent puri ty  and hydrogen of 
99.5 per cent pur i ty  were assumd as the i n i t i a l  bas i s  for  the evaluation. 
The concentrations of the various contaminants are discussed e a r l i e r  i n  the 
report. 
and p o w e r  requirements for  each system and decide which are most a t t rac t ive  
simply on th i s  basis .  Although t h i s  can be done t o  a cer ta in  degree, intan- 
gible  factors,  such as the r e l i a b i l i t y  of the f'uel c e l l  system, must be con- 
sidered i n  proper proportion with the material factors.  

One would l i k e  t o  be able t o  simply compare the fue l ,  w e i g h t ,  space, 

There are  f ive  systems which have been selected f o r  Further evalua- 
t ions,  two pertaining t o  hydrogen purif icat ion and three concerned with remov- 
ing cer ta in  impurities f r o m  oxygen. The material r equ i r een t s  of these systems 
a r e  described and compared with the requirements for operating the fue l  c e l l  
without any purif icat ion devices. The systems which w i l l  be considered are: 
(A)  Oxygen purification: (1) carbon dioxide remval,  (2) low temperature oxi- 
dation, and (3) high temperature oxidation. 
(1) the uranium hydride process, and (2)  diffusion through metall ic membranes. 
The following section of this report describes the designs which have been 
developed f o r  these processes. The designs must be viewed a s  tentat ive,  since 
design data a t  mission conditions were not always available. "he re la t ive  
merits of the various systems w i l l  be evaluated i n  the th i rd  section, and ad- 
d i t i ona l  features of the design of various devices are presented i n  the 
Appendix. 

(B)  Hydrogen purification: 

- 13 - 



111-A.  Design of Purif icat ion Systems 

111-A-1. Purification of oxygen: The impurities which nay appear 
i n  the oxygen stream may be divided in to  three categories: 
p le te ly  oxidized carbon compounds, and carbon dioxide. The mst undesirable 
impurity is carbon dioxide since it can react  d i r ec t ly  with the electrolyte  of 
the f u e l  c e l l  t o  cause fouling or malfunction of the system. O f  the compounds 
of the second category carbon monoxide i s  the most objectionable since it will 
almost cer ta in ly  oxidize t o  the dioxide i n  the fue l  c e l l ,  giving rise t o  the 
formt ion  of in sohb le  carbonates. 
~ ? P P ~ " P  harc?er G Z ~  har6er to iijriclise as miecuiar  w e i g h t  decreases, with =thane 
presestiq the  l e a s t  hazard to  ceil  operation. No technique has been developed 
which w i l l  make it possible to remove i n e r t s  from the oxygen stream without 
unreasonable expenditure of energy, mass, and fuel. We are thus concerned 
only with removal of carbon dioxide and the other carbon compounds which may 
be oxidized t o  carbon dioxide. The purif icat ion schemes are of three types: 
(1) absorption of in i t ia l  carbon dioxide, (2) low temperature oxidation fo l -  
lowed by absorption, and (3)  high temperature oxidation followed by absorption. 
I n  the first scheme only the original C02 i n  the stream i s  removed. The second 
operation will provide enough oxidation t o  completely oxidize a l l  of the CO t o  
C02 which w i l l  then be removed by absorption. %ere will be some oxidation of 
hydrocarbons a t  this leve l .  
60 per cent of the methane present t o  Cog. 
other hydrocarbons. 

iner t s ,  incom- 

The other compounds, mainly hydrocarbons, 

The f i n a l  type of operation is  designed t o  oxidize 
It should completely oxidize aU. 

The CO2 f o m d  w i l l  then be removed by absorption. 

a .  Simple remval  of carbon dioxide: This process uses a 
packed bed of lithium hydroxide granules t o  remove carbon dioxide f'rom the 
gas stream by formation of the carbonate. 

2 LiOH + Cog--> I i i2C03 + H20 

The reaction is  carried out a t  ambient temperature ( S O O F ) .  
the reaction goes completely t o  the r igh t ,  since the decomposition pressure of 
Li2CO3 is completely negligible. 
important t ha t  there be a cer ta in  amount of moisture i n  the gas. 
substantiated by a rimer of sources.l8-20/ The ro le  of water is not fully 
understood. It i s  reasonable t o  postulate tha t  water and carbon dioxide co- 
adsorb, and tha t  carbonic acid i s  thus the species which reacts  w i t h  l i thium 
hydroxide. 

A t  t h i s  temperature 

In  order t o  absorb the carbon dioxide it i s  
This has been 

- 
2 U+ + 2 OH- + cog- + 2 H ~ O +  ____;b L I ~ C O ~  + 4 H ~ O  

- 14 - 



I .  

I 

Available information indicates  tha t  the effectiveness of the  reaction in-  
creases l i nea r ly  with the relat ive humidity of the system up t o  approximately 
10 per cent R.H., a r t e r  which water has no fur ther  e f fec t .  
i s  based on maintaining a t  l e a s t  8 per cent R.H. i n  the system by means of 
desorbing water from a column of s i l i c a  gel .  

The present design 

There a re  some areas of uncertainty i n  extrapolating available 
information t o  a design under these conditions. Most important are the e f f ec t s  
of high oxygen p a r t i a l  pressure and high system t o t a l  pressure. No data are 
aveilable sn the e f f ec t s  019 e i ther  of these var iables  on the system kine t ics  o r  
the n g t ~ t  52' vater T.qxx Z e C G S S a i g  te a k e  reaction mst effective.  I n  
order +,e reeck, f i s a l  decisions oa the design of this system it would be neces- 
sary t o  experimentally evaluate the system under the  conditions of i n t e r e s t .  
A schematic flow diagram of the system i s  shown i n  Fig. 1. 
ture  was assumed t o  be -135°F o r  greater  and the system pressure 800 psia  o r  
less. The temperature was arrived a t  by assuming the sane driving force f o r  
heat t r a n s f e r  as brought about the increase i n  hydrogen feed temperature be- 
tween the storage tank and the preheater. 
on an operating pressure of 150 psia. 
are  : 

The feed tempera- 

The s i z e  of the humidifier w a s  based 
The mater ia l  requirenrents of the  system 

Weight - 17 lb. 
Displacement - 1 ft? 
Average Power - 16 w. 
Maximum Power - 40 w. 

This design i s  a conservative estimate based on available data.  
data  would be important i n  any further attempts t o  ref ine the design. 

Experimental 

b. Low temperature oxidation: The low temperature oxidation 
system i s  designed t o  convert essentially a l l  of  the CO i n  the gas stream t o  
C02 so t h a t  it can be removed by absorption. 
over Hopcalite ca ta lys t  a t  70'F. 
disser ta t ion  by A. G. Nulay.=/ A schematic flow diagram of the  system i s  
shown i n  Fyg. 2. 
does not materially affect either the humidifier o r  the absorber. 
f ind the material  requirements t o  be: 

me oxidation i s  accomplished 
The k ine t i c  data used were taken from a 

The s l i g h t  increase i n  gas stream temperature and COP content 
Thus, we 

Weight - 30 lb. 
Displacement - 1.5 f t?  
Average Power - 18 w. 
Maximum Power - 45 w. 

The increase i n  weight i s  due pr incipal ly  t o  the addition of the reactor fo r  
the oxidation. I n  many ways t h i s  s y s t e m  seems qui te  a t t rac t ive .  However, here 
again, it should be stressed t h a t  no data exis t  on precisely t h i s  system and 
experimental ver i f ica t ion  of the design i s  necessary. 
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Fig. 1 - Carbon Dioxide Absorber 

1 70°F 

Catalyt ic  

Oxidat ion 
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-135 O F  

n: 

LiOH 

Ab s orber 
- - - - - - -  S i l i c a  G e l  - -  - - - -  

Fig. 2 - CO Burner and CO2 Scrubber 
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c .  High temperature oxidation: The basic  c r i t e r ion  for the  
desigri of the high temperature system i s  t h a t  the temperature i n  the 
reactor  be high enough t h a t  60 per cent of the methane i n  the system be COG- 

verted t o  C02. 
temperature is .  There i s  no doubt t h a t  it is  a moderately high temperature, 
but John&./ suggests 550°F while MSA d a t a ! /  suggest a temperature of 700°F. 
I n  order t h a t  the design be conservative it was  decided t o  use the 7W°F oper- 
a t ing  temperature a s  a bas i s .  Tenperatures t h i s  high require t h a t  heat  losses  
from the  system t o  the  surroundings be taken i n t o  account. 
addition here is  the use of a countercurrent heat exchanger to remve heat  
Ti-oiii iiir reactor eff luent  and pass it i n t o  the reactor  feed. 
iiiagram of tine high temperature oxidation system is  shown i n  Fig. 3. 

Hopcalite 

There i s  some discrepancy i n  the l i t e r a t u r e  regarding what t h i s  

Another important 

A schematic f l o w  

< 

S i l i c a  Gel 
Humidifier 

* 

The material  requirements of the system are  as f o l l o w s :  

LiOH 

Ab sorb er 
'.I 

J 

Freight - 45 lb. 
Displacement - 2 f t?  
Average Power - 30 w. 
Maximum Power - 60 w. 

7 

Fig. 3 - Burner for Par t i a l  Combustion of Methane 
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Much of the mass requirement is from the heat exchanger. 
i n  t h e  reactor i s  only 3 lb.  This system gives maximum 
w i l l  be formed i n  the f u e l  c e l l ,  since it should remove a l l  potent ia l  sources 
of C02 except 10 ppm of methane. 

The mass of ca ta lys t  
assurance t h a t  no C02 

Each of the  three systems for  p u r i m n g  oxygen discussed above 
is a f low through system,  so t h a t  there  i s  no loss of oxygen corresponding to  
the fuel loss i n  the hydrogen purif icat ion systems. Unfortunately, however, 
tlnese purif icat ion schemes do not remove i n e r t  impurities *om the oxygen so 
Cnat a ven'cing requirement remains. 

- 

111-A-2.  Purif icat ion of hydrogen 

a .  Uranium hydride process: One of the means by which hydrogen 
may be purif ied is  t o  withdraw the hydrogen se lec t ive ly  from the impure gas 
stream by means of a chemical reaction which i s  spec i f ic  f o r  hydrogen. 
the reaction is  reversed, hydrogen i s  l iberated.  

When 

This pur i f ica t ion  system would take advantage of the pressure drop between 
the hydrogen storage cylinder and the fuel c e l l .  Ihe forward reaction would 
take place a t  about 250 psia and 1300"F, while the reverse reaction would be 
run a t  about 100 psia and LLOO'F. 
chamber vessel, with uranium hydride being a l te rna te ly  formed and then decom- 
posed. 
ductive fins extending in to  both vessels would provide heat t ransfer  surfaces 
f o r  heat f lux f romthe  reacting chamber t o  the chamber i n  which UH3 i s  being 
decomposed. T N s  
w i l l  be minimized by the  use of an exchanger between the impure gas entering 
the reactor  and the pure gas leaving the reactor .  

The reaction would be carr ied out i n  a two-  

Con- Two chambers are  required fo r  continuous generation of hydrogen. 

Some additional heat  will have t o  be added t o  the  system. 

A schematic process flow diagram of the system is  shown i n  
Fig. 4. The two reactors  would operate on a 10-min. cycle, forming UH3 f o r  
5 min. and then reversing the reaction f o r  5 min. 
per cent conversion of UH3 t o  U a t  maximum f l o w  ra tes ,  which is  the highest  
value consistent with conservative design. 
able r a t e  data  the t o t a l  uranium required i s  about I 2  lb. Due t o  the high 
operating temperature of the reactor, the economizing heat exchanger i s  called 
on t o  t r ans fe r  a great  dea l  of heat which i n  turn  requires considerable t rans-  
f e r  area. 

The design i s  based on 30 

Based on t h i s  a s s q t i o r ,  and avail-  

I n  addition t o  th i s ,  we have a f a i r l y  large heater and several  
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Vent 

R g .  4 - Uranium Hydride Purif icat ion System 

valves and controll ing instruments. 
i s  approximately 190 lb. 
on the average. 
i c a l  reaction, there could be considerable d i f f i c u l t y  i n  control  of the product 
qual i ty .  
able experimental e f f o r t .  

The t o t a l  estimated mass of these objects 
The energy requirement i s  280 w. maximum and 127 w. 

Because the process involves the cycl ic  operation of a chem- 

Development, of a completely r e l i ab le  system would require consider- 

?he degree of purif icat ion resulting from the hydride process 
i s  l imited by the degree t o  which the unreacted impurities can be removed f r o m  
the reactor.  
energy standpoint t o  cool and evacuate the chamber, the best way t o  remove the 
impurit ies i s  by flushing the gas phase i n  the reactor  with impure feed hydro- 
gen. 
with an attendant 10 per cent loss of hydrogen due t o  flushing. 
loss  would be some 6 .1  lb. of hydrogen. 

Calculations indicate t h a t  since it i s  not p rac t i ca l  from an 

This w i l l  r e s u l t  i n  a purif icat ion fac tor  of 25 (from 0.995 t o  0.998) 
Thus, the f u e l  

I n  summary, the process has two subjective d i f f i cu l t i e s :  
possible d i f f i c u l t y  i n  control of product qua l i ty  and the production of only 
99.8 per cent pure hydrogen rather than the  99.99 per cent desired. 
s i c a l  requirements are: 

The phy- 
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Weight - 190 lb. 
Displacement - 7 f t?  
Average Power - 127 w. 
Maximum Power - 280 w. 
Loss of Fuel - 6 .11b .  during mission 

b.  Membrane diffusion process: The use of palladium-silver 
a l loys as  a d i f fuser  affords a pract ical  means of obtaining high pur i ty  hydro- 
gen. 
l e s s  than 1 par t /b i l l ion  impurities. 
purifying hydrogen was limited t o  small scale laboratory preparations. 
higher capacity diffusers  have been developed through the use of a l loys as  the 
d i f fuser  materials. 
available.  

Hydrogen which passes through the metal diff'user i s  believed t o  contain 
Until  recently the use of diffusers  i n  

h c h  

Diffusers having capacit ies of 200 scfh are  now readi ly  

A diffuser  having a capacity of 50 scfh has adequate capacity for 
the problem being considered here. 
t h i s  capacity consists of  841/16-in. O.D. palladium al loy tubes contained i n  
a 1 . 7 5  i n .  O.D. stainless  s t e e l  tube which is  18 i n .  long. "he hydrogen i s  
fed i n t o  the s ta in less  s t e e l  tube and allowed t o  diffuse through the wall of 
the 1/16-in. O.D. palladium al loy tubes. Figure 5 presents a schematic flow 
diagram of the process. 
t o  the uranium hydride process. 
i s  the amount of venting which is used ( i . e . ,  the impurity concentration allowed 
on the high pressure side of the d i f fuser ) .  
centrat ion was found t o  be 10 per cent fo r  t h i s  par t icular  system. 
turn  gives rise t o  a 4.7 per cent loss of H2 due t o  venting. 
system should be much eas ie r  t o  operate and more re l iab le  than the UH3 system 
discussed previously. 
t h a t  no venting of the hydrogen side of the f u e l  c e l l  should be necessary. 
The physical requirements are: 

A comerc ia l ly  available diffuser" having 

Note the  re la t ive  simplicity of t h i s  process compared 
One of the operating variables of the process 

The optimum maximum impurity con- 
This i n  

Subjectively, the 

I n  addition, the hydrogen produced i s  of such qua l i ty  

Weight - 105 lb .  
Displacement - 3 ft? 
Average Power - 108 w. 
Maximum Power - 254 w. 
Loss of Fuel - 2.6 l b .  during mission 

* The Model C-50D d i f fuser  manufactured by the Milton Roy Company, St .  
Petersburg, Florida, was used as a model. Operating character is t ics  needed 
for  design were kindly supplied by the Milton Roy Company. 
understood t h a t  other companies have capabi l i t i es  i n  this area, and our 
use of the Milton Roy data does not const i tute  an endorsement of t h i s  
company's products t o  the exclusion of those of other companies. 

It should be 
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111-B. Comparison of Alternative Purification Schemes 

It is d i f f i c u l t  t o  establish a bas i s  for  comparison of the schemes 
fo r  purif icat ion of oxygen and hydrogen fo r  t w o  reasons: first, because of 
the  intangible factors  mentioned previously; and second, because it is  dif-  
f i c u l t  t o  determine how the  fuel c e l l  would operate without the purif icat ion 
devices. 
quirewnts  furnished t o  this program are  for  gases of 99.99 per cent purity.  
The question which must be resolved is, "How would the purge system of the 
f u e l  c e l l  be operated i f  the oxygen puri ty  i s  99.6 per cent and the hydrogen 
pur i ty  is 9g.5 per cent?" 
venting has been calculated on the following basis:  

L e t  us first address ourselves t o  the l a t t e r  problem. The purge re- 

I n  order t o  have a consistent basis  f o r  comparison 

1. The impurity concentration inside the fie1 c e l l  was assumed 
constant a t  2.5 per cent. Data furnished by the  sponsor (fuel c e l l  purge 
program report)  indicate tha t  i n  c e l l s  flushed on an intermittent bas i s  the 
impurity concentration ranges from 0 - 5 per cent i n  a l i nea r  fashion. 

2. The c e l l  was assunred t o  be purged continuously a t  this concen- 
t r a t ion  and a t  a flow ra t e  which removes impurity as  f a s t  as  it is  introduced. 

3.  The loss of f u e l  is calculated f romthe  flow r a t e  determined i n  
(2), assuming the  system behaves l i k e  a stirred pot. 

Having defined th i s  base, w e  can then  enunaerate the requirelnents and advan- 
tages of the various processes, compare them t o  operation without purif icat ion 
and then draw conclusions as t o  which processes would be preferred. 
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111-B-1. Oxy gen purif icat ion processes: The comparison of the sev- 
era1 oxygen purif icat ion processes is not nearly as straightforward due t o  the 
various subjective fac tors  involved. 
would amount t o  a t o t a l  of 84.6 lb. of oxygen f o r  the  mission ( a s s d n g  99.6 
per cent oxygen). 
The material requirements f o r  the various schemes are  l i s t e d  i n  Table V and 
Table VI .  

Without pur i f ica t ion  the d i r e c t  purge 

However, this purge value w i l l  remain constant for  a l l  cases. 

OPERATING COWARISONS, FDR 99.6% OXYGE3 
IN THE APOLLO MISSION 

m2 co m4 
Absorption Oxidation Oxidation Direct Purge 

Veight, lb. 1 7  30 45 - 
Displacement, f t .  1 1.5 2 - 
Average Power, w . 16 18 30 - 
Maximum- Power , w . 40 45 60 - 

N e t  Power Available, KSM 477 4 76 472 482 

3 

Loss of  Fuel, lb. 84.6 84.6 84.6 84.6 

TABLE VI 

OPERATING COMPARISONS, FOR 99.99$ CrXYGEN 
IN ?HE APOLU, MISSION 

co2 co cH4 
Absorption Oxidation Oxidation Direct Purge 

Veight, lb. 1 7  30 45 - 

Average Power, w. 16 18 30 - 
Maximum Power, w. 40 45 60 - 

N e t  Power Available, KW 590 589 585 595 

1 1.5 2 3 Displacement, f t .  

Loss of  Fuel, l b .  2.6 2.6 2.6 2.6 
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111-B-2. Hydrogen purif icat ion processes: Without the use of any 
purif icat ion,  the purge requirerrent for  the conditions j u s t  described amounts 
t o  0.0405 lb/hr o r  13.6 lb. of hydrogen f o r  the  Apollo mission. 
unfavorably w i t h  6 .11b .  lost using the  uranium hydride process and 2.6 lb. 
l o s t  i n  the membrane diffusion process. 
quire  such large amounts of other materials t h a t  a simple d i r e c t  purge program 
seems a t t r ac t ive  unless storage of the addi t ional  hydrogen is  impractical or 
impossible. 

This compares 

However, both of these processes re- 

TABLE VI1 

OPERATTNG COMPARISONS, FOR 99 .5$ HYDROGEN 
IN m APOLU) MISSION 

Uranium Hydride Membrane Diffusion 

Veight, lb.  190 

Average Power, w. I27 
Maxinun Power, w. 280 

7 Displacement, ft. 3 

Loss of Fuel, lb. 6.1 
N e t  Power Available, K V d  532 

105 
3 

108 
254 

5 76 
2.6 

- a/ Assuming 55 lb. H2 available,  a t  0.0856 lb. %/KlH. 

N. CONCLUSIONS AND RECOMMENDATIONS 

Direct Purge 

13.6 
484 

W e  have reached the following conclusions on the bas i s  of analyses 
of various possible mans of purif’ying f ie1  c e l l  gases. 

N - A .  Purif icat ion of Oxygen 

To r e i t e r a t e ,  impurities i n  oxygen consis t  of i n e r t  gases, e.g., 
nitrogen, and the noninert gases carbon dioxide, carbon mnoxide, methane, 
and t race  quant i t ies  of higher molecular weight hydrocarbons. 
are detrimental only i n  t h a t  they w i l l  concentrate i n  the f u e l  c e l l  and must 

The i n e r t  gases 

be purged t o  maintain acceptable p a r t i a l  pressures of oxygen. The purge stream 
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ca r r i e s  oxygen, which i s  waste unless it can be recovered for breathing or  
other  purposes. 
i n e r t s .  

Our study has not uncovered a prac t ica l  means t o  remve the 

The non-inert gases are minor i n  quantity, and thus a re  not objec- 
t ionable from the standpoint of waste through venting. They are quite objec- 
t ionable i n  t ha t  they are  d i r ec t  o r  ind i rec t  sources of carbon dioxide, which 
is  converted by the fue l  cel l  e lec t ro ly te  t o  sol id  carbonates. 
Cog - o r  C02-forming impurities is esserkisl fcrr cor?ti=mus a,?d re l iab le  PAel 
c e l l  performance. 
sidered i n  t h i s  program. 

Elimination of 

This Droblemis therefore +fie mnst i q e r t s ~ t  cf these ccn- 

Analyses of several  techniques f o r  removing the C02 family of im- 
pu r i t i e s  have shown that the only generally feas ib le  technique consis ts  of con- 
version of objectionable carbon-bearing gases t o  carbon dioxide followed by 
scrubbing out of t o t a l  C02 content. Success i n  coping with the problem then 
hinges on the ease and completeness of oxidation of CO and hydrocarbons, and 
on the a b i l i t y  of a scrubbing technique t o  remove C02 t o  1 ppm or  less. I n  
the broadest sense, these tasks  can a l l  be accomplished i n  theory. In  prac- 
t i c e ,  the two most c r i t i c a l  problems, CO and COS, can be coped with without a 
g rea t  amount of d i f f i cu l ty .  Methane poses a much grea te r  challenge, one which 
according to  the literature can be m e t  only through the use of qui te  high t e m -  
peratures i f  complete removal i s  desired.  

Thee devices, each successively more complex, have been proposed 
Only one of to cope i n  varying degree with CO2 and C02-forming impurities. 

these devices would be employed. 
the remaining two should be based on specif ic  knowledge of the nature and 
quant i ty  of impurities and t h e i r  e f f e c t  on f u e l  c e l l  operation. 
tests of the e f f e c t  of methane on f u e l  c e l l  operation should prove o r  disprove 
the  need fo r  removal of methane. 
d e t a i l  below i n  discussions of each of the proposed devices. 

Selection of one device i n  preference t o  

For example, 

B e s e  arguments are  presented i n  greater  

IV-A-I.  Removal of COz: The design for the unit a s  presented i n  
111-A-1-a end i n  the Appendix should assure C02 removal under a l l  operating 
conditions. The design is  believed t o  be conservative, however, and develop- 
mental studies may w e l l  r e s u l t  i n  worthwhile reductions i n  volum and weight. 
As designed, it is  our opinion tha t  the C02 scrubber i s  w e l l  worthwhile. 
Operation of the uni t  i s  re la t ive ly  simple, should be completely re l iab le ,  
and the  weight, volume, and paras i t ic  power penal t ies  are  small when balanced 
against  possible c e l l  malfunction. 

!he chief uncertainty i n  the operation of t h i s  un i t  l i e s  i n  the need 
The l i t e r a t u r e  i s  qui te  posi t ive on t h i s  score t o  the ex- fo r  t he  humidifier. 

t e n t  tha t  CO2 absorption i s  much more e f f ic ien t  i n  humid gases than i n  very 
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d r y  gases. 
the laboratory, as elimination of tne humidifier would r e s u l t  i n  simplifica- 
t i on  and w e i g h t  reduction. Further, it i s  possible tha t  supply oxjrgen w i l l  
contain suff ic ient  water t o  promte C02 absorption. Water i n  supply oxygen 
would, however, be very low i n  concentraticn i n  ear ly  stages of the mission 
and increase i n  concentration as the oxygen storage vessels warmed. 

Nevertheless, we feel  t h a t  t h i s  question should be explored i n  

N - A - 2 .  Remval of CO: 
addition t o  a humidifier and C02 scrubber. We are confident t ha t  the burner 
w i l l  operate effect ively a s  designed. Again, operation under actual  mission 
conditions should be carried out t o  ver i fy  data used i n  the design, and t o  
determine whether some reduction i n  s ize  con be tolerated.  

This unit contains a Hopcalite burner i n  

IT -A-3 .  Removal of methane: As mntioned ea r l i e r ,  methane is  d i f -  
f i c u l t  t o  oxidize, and the operation of the proposed uni t  should be thoroughly 
checked before a design i s  finalized. The suggested operating conditions w i l l ,  
according t o  our interpretat ion of l i t e r a tu re  data, r e su l t  i n  removal of only 
60 per cent of the methane. The usefulness of the methane burner is thus de- 
batable, as  10 ppm of methane may be as objectionable as 25 ppm. 
temperature of the fuel ce l l ,  G O O F ,  i s  about the temperature a t  which methane 
becomes ca ta ly t ica l ly  oxidizable and it i s  possible tha t  methane w i l l  not be a 
problem. 

Tbe operating 

It should be p i n t e d  out t ha t  a Hopcalite burner effect ively cata- 
lyzes the oxidation of a l l  vo la t i le  hydrocarbons except methane a t  500"-550°F. 
Other possible hydrocarbon impurities, acetylene fo r  example, are inherently 
more susceptible than methane t o  oxidation i n  the  fue l  ce l l .  In  the  event t ha t  
theoxidizable hydrocarbons are  proved t o  be a problem, t h e i r  removal could be 
effected by operation of the catalyt ic  burner a t  500°-5500F. 

I n  summary, removal of carbon dioxide from oxygen appears t o  be quite 
feasible,  and the incurred penalties are i n  our opinion low when balanced 
against the poss ib i l i ty  of c e l l  malf'unction. 
creased substantially i n  complexity by addition of a CO burner, and the CO-C02 
package appears t o  be w e l l  worthwhile. 

The oxygen pu r i f i e r  i s  not in- 

The methane burner w i l l  a t  best  incompletely remove methane. Since 
the  methane burner requires substantially elevated temperatures, and combustion 
of methane is  incomplete, the advisabili ty of including a methane burner i n  the 
package is  debatable. Rough estimates of developmnt costs  are presented i n  
Table VIII. 
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TABLE VI11 

ESPIMATED DEVELOPMENT COSTS, OXYGEN PURIFtCATION 

co2 
Absorber CO and C% ani  COP 

Laboratory Testing 
Elapsed t i m e ,  month 6 9 12 
Man p o w e r ,  man-years 1 1.5 3 

Design, Fabrication, and Testing 
Elapsed t im, months I 2  
Man power, man-years 1.5 

12 12 
2 4 

The estimates r e f l e c t  our opinions of the re la t ive  complexities of  
various tasks,  and are  not meant t o  be r igid.  Design, fabr icat ion and t e s t ing  
includes the testing of the operation of a device, and does not include t e s t ing  
a s  an in t eg ra l  pa r t  of the fuel c e l l  module. 

N - B .  Purif icat ion of Hydrogen 

Removal of i n e r t  impurities from hydrogen i s  possible by the  membrane 
d i f fus ion  technique. The hydride route should - not be ser iously considered, 
since the weight penalty i s  large, pa ra s i t i c  power consumption appreciable, 
the technique is  operationally complex, supporting data are  scarce, an3 the 
pur i f ica t ion  fac tor  i s  less than sa t i s fac tory .  
is by comparison simple, and of fers  considerably smaller penal t ies  i n  weight 
and power loss. For a given weight of hydrogen, more net  power can be realized 
a t  the 99.5 per cent pu r i ty  l eve l  with pur i f ica t ion  than without. 
the weight penalty i s  approximately the same a s  t h a t  incurred by addition of 
hydrogen i n  quantity suf f ic ien t  t o  vent the impurities. One concludes, there- 
fore ,  t h a t  redesign of the storage f a c i l i t y  and the purge schedule i s  the pre- 
ferred technique f o r  handling ine r t  impurit ies i n  hydrogen. 
assums t h a t  one i s  a t  liberty t o  redesign these components of the power pack- 
age, and t h i s  i s  not an assumption the contractor is a t  l i b e r t y  t o  make f o r  
the Apollo ntission. 

IAe membrane diffusion process 

However, 

This conclusion 

W e  wish t o  emphasize one feature  of the i n e r t  impurity problem which 
i s  not immediately obvious. Removal processes consis t  fundamentally of venting 
o r  purging procedures, and these must be i r revers ib le  and very nearly absolute 
i f  they are t o  compare favorably with d i r e c t  venting from the f u e l  c e l l .  
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Both the uranium hydride and membrane diffusion processes appear a t  first 
glance t o  be i r revers ible  and absolute, and both would be close t o  absolute 
i f  t h e  output hydrogen could be delivered a t  very low pressures. 
hydride process, delivery a t  low pressures mans  cooling the U-UH3 bed t o  
about W 0 F ,  and energy requiremnts become prohibit ively high. 
diffusion process would be much more conserving of hydrogen a t  low delivered 
pressures, but gains woirld be mre than o f f se t  by power required to compress 
the  hydrogen t o  50 - 100 psia. 

Xith the 

The rnembrane 

We r ecomnd  Rir ther  canslder&ion nf the  xze*rzze Ci,Ysicz =tho5 
only for the A p l l o  missior?, cr for  o+,her xxissims .,.i,th designs sufficiently 
frozen t h a t  the i n e r t s  problem cannot be handled by redesign of f'uel storage 
systems and purging procedures. 
developmgnt of a membrane diffuser f o r  the kpollo mission are as  follows: 

Estimates of t i m e  and nan power required f o r  

Securing and Verification of Design Data 

Elapsed time: 
Man Power: 

6 - 12 months 
1.5 - 3 man-years 

Final Design, Fabrication and Testing 

Elapsed time: 12 - 18 months 
Man Power: 2 - 3 man-years 

Total 

Elapsed ti=: 18 - 30 months 
Man Power: 3.5 - 6 man-years 
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APPENDIX 

UNIT DESIGN CONSIDEF&TIONS 

A. Uranium Hydride Process 

The bnsic elemxts of the iirranium hydride process are: 
exchanger wh5rh p ~ f ? o _ = t c _  thc  Zzpizrz gas reed by cooling the purif ied product, 
(2) a superhgter for the i q u e  gas stream, (3j  a system of two reactors 
operating i n  tandem, and (4 )  associated controllers,  valves and piping. 
Limiting design cases are  presented beluw: 

(1) a heat 

(1) Heat exchanger 

Heat t ransfer  1,500 %tu/hr 

Temperature difference 150°F 

Transfer area 30 ft2 

Weight 105 lb.* 

(2) Superheater 

a20 Btu /h  c--;* 240 watts Heat t ransfer  

Weight 30 lb.* 

(3) Reactors 

The reactors have not been thoroughly designed from an energy 
standpoint because of lack of data. 
12 lb .  
probably r a i se  the t o t a l  t o  32 lb. 

The estimated weight of UH3 required is 
Additional heat t ransfer  area between the reactors and casing w i l l  

~~ * The high mass required i s  due t o  s t ruc tura l  problems caused by the  150 p s i  
pressure difference between the hot and cold sides of the exchanger. 

The heater would presumably be a packed ceramic bed imbedded with res i s -  
tance heaters. 



I 

(4) Valves, controllers and piping 

These items would be a very s ignif icant  pa r t  of this system 
due t o  the tandem reactor operation and d i f f i c u l t i e s  i n  controlling pressure 
and teqerature of the systems. The weight estimate of 15 lb. would have t o  
be reevaluated after extensive process development on this system. 

T h  basic ekwxits of the membrane Ufttrsion process are: (1) a heat 
economizer, (2) e heater before the diffusion ce l l ,  (3) the  d i fmsion  ce l l ,  and . -  
(4 )  associated 

(1) 

(4) 

instrumentation and piping. 

Heat exchanger 

Heat transfer 

Temperature difference 

Transfer area 

Weight 

Heater 

Heat t ransfer  
(by resistance heater ) 

Weight 

Diffuser 

Weight 

710 Btu/hr 

150°F 

15 ft2 

50 lb.* 

780 Btu/hr c----+ 235 watts 

30 lb. 

20 lb. 

T h i s  piece of equipment i s  described i n  the body of this re- 
port .  

Piping and instrumentation 

Weight 5 lb. 

* Same reason as noted i n  (A). 
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The only instrumentation needed is a control of the diffuser 
temperature and the vent ra te .  The venting would be on a continuous basis. 

C. Removal of Carbon Dioxide 

This system consists of a small heater t o  warm the oxygen stream t o  
the  desired humidification and absorption temperature (SOOF), a bed of mist 
s%lics gel tc M C i f ‘ y  the gas, and LiOH absorber t o  scrub the C& f r o m  the  
gas s+.renm= 
gas zt e per cezt r eh t ive  “humidity. 

Thp systciii is sized to remove as much as 120 ppm of C02  from the  
T’ne specifications of the units are:  

(1) Heater 

Temperature increase 185°F 

Heat t ransfer  1-35 ~tu/k-40 watts 

Weight 5 lb. 

Material S i l i c a  ge l  (0.35 lb. HzO/lb 
activated s i l i c a  ge l )  

Residence t i m e  1 min. (150 psia, 60°F) 

Mass of s i l i c a  gel 4 lb .  

Volume 0.083 f t 3  

Size (cylindrical)  12 in .  x 4 in .  (O.D.) 

Weight of unit 6 lb. 

(3) Absorber 

Material granular LiOH 

Residence time required 0.2 min.* 

* T h i s  requires only 0.3 lb .  L i O H ,  however the  system was overdesigned by a 
factor of 3. 
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Weight used 

Total weight 

(4) Controller and piping 

Weight 

1.0 lb. LiOH 

3 lb. 

3 lb.  

A l l  equipment here i s  the same as that shown i n  (C)  with the  excep- 
t i on  of a s l i gh t ly  larger  heater load and the use of the Hopcalite bed t o  per- 
form the oada t ion .  
C02 a t  maximum flow and the kinetic data of llulay.lo/ 

The design was based on 90 per cent conversion of CO t o  

Additional heat 2 watts 

Weight of catalyst  bed 5 lb. I 

I Residence time 1 min. 

E. High Temperature Oxidation 

This system has the same humidification and absorption equipment I 

as (D)  but the i n i t i a l  par t  of the system i s  c o q l e t e l y  d i f fe ren t  due t o  the 
higher temperature of the reactor. (1) 
the exchanger, (2) a heavy duty heater, and (3) the burner. 

This par t  consists of three pieces: 

(1) Heat exchanger 

Heat transferred 358 Btu/hr 

Temperature difference 200°F 

Heat t ransfer  area 6 ft2 

Weight 25 lb. 

(2) Heater 

T h i s  unit supplies about the same amount of heat as the  uni t  
However the heat must be supplied a t  a much higher t e q e r a t u r e  and i n  (C-1). 

might therefore cause some design changes. I 
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He at supplied 20 watts 

Weight 10 lb. 

(3) Burner 

T h i s  unit is actually smaller than that i n  (D).  The catalyst 
bed w e i g h s  only 3 Ib. and residence time i s  about one-half that in (D).  
assumed weight is 5 lb. 

The 
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